Background: Multiple chemical sensitivity (MCS) is a chronic multisystem condition characterized by low levels of multiple chemical susceptibility inducing a spectrum of central nervous system symptoms, including dizziness. Thus, considering (i) the overlapping psychogenic and organic burdens shared in MCS development and in vestibular disorders; (ii) the number of previous studies describing central processing impairment related to inner ear inflow in this syndrome; and (iii) the lack of literature with respect to clinical evidence of the presentation of MCS dizziness, the purpose of the present study was to highlight the possible hidden aspects of vestibular impairment by applying the recent contribution of implemented otoneurological testing, inferential statistic and principal component (PC) analysis in 18 MCS and 20 healthy subjects (HC); Methods: Both groups filled in a dizziness and environment exposure inventory and underwent the Rod and Disc and Rod and Frame Test, video Head Impulse Test (vHIT) and Static Posturography Test (SPT) with fast Fourier Transform (FFT). Between-group analysis of variance and PC analysis implemented on otoneurological variables were performed; Results: Defective vestibular processing was identified in 18 MCS patients (11 female and 7 male; mean age 49.5 ± 9.3 years) by finding a significant increase in SPT and FFT parameters and in Visual Dependency (VD) behaviour and a decrease in vHIT scores. Component correlation analysis in MCS showed a positive correlation of FFT parameters in PC1 and SPT parameters in PC2 with a negative correlation of vHIT and VD values in PC2. HC subjects demonstrated a positive correlation of VD and SPT parameters in PC1 and FFT parameters in PC2. Conclusion: Inferential and PC analysis provided the opportunity to disclose such possible hidden phenomena to (i) support that MCS physiopathological cascades could lead to a vestibular decay; and (ii) suggest rearrangement of the dimension of the variables as an aspect of near-optimal re-weighting, possibly underpinning the dizzy symptoms complained of by MCS patients.
Introduction
Multiple chemical sensitivity (MCS) is a chronic polysymptomatic, multisystem condition characterized by subjective susceptibility to low levels of a wide spectrum of environmental compounds (such as petrol, perfume or pesticides) [1, 2] . It constitutes a relatively common clinical diagnosis in western populations [2] , considering that the prevalence of self-reported chemical sensitivity symptoms in population-based studies has been found to range from 9% to 33% [2] . Relapsing and remitting central nervous system (CNS) manifestations including difficulty concentrating, memory problems, fatigue, depression, daytime sleepiness, "spaciness" (derealisation), tension, irritability and dizziness are commonly referred to by the patients [2, 3] .
Major criteria to define the clinical spectrum of MCS were introduced by Cullen [4] ; however, the discussion on definition and nomenclature reflects the fact that the aetiology of MCS is still unclear and a matter of debate [2, 5] . The most frequently discussed aetiologies include neurogenic inflammation [6] , classical conditioning [7] and biochemical disruptions [8] . According to the neural sensitization theory, MCS is attributed to a pathological hyper-reactivity of neurons in olfactory and limbic areas of the brain [9] . However, the altered CNS responses are hypothesized to be paralleled by increased anxiety, avoidance, anticipatory stress [9] and attention bias [6] to chemical exposure. According to these theories, several studies in the last few years have shown cerebral blood flow distribution abnormalities in patients with MCS, especially while processing odorous substances [10] [11] [12] . In particular, MCS sufferers have been seen to react peculiarly to sensory stimuli, with activation of brain areas connected with motivational, emotional and non-conscious processing of information, such as the amygdala and the hippocampus, encompassed in the limbic system [10] [11] [12] [13] [14] , whose pathways are known to mediate CNS sensitization and their dysregulation contributes to abnormalities of behaviour and mood, endocrine, autonomic and immune function [15] .
In turn, the same brain circuits seem to be pivotal in vestibular processing, given the fact that the limbic system-previously thought to be engaged in the physiopathological underpinning of this disorder [1] -receives neural input from the vestibular cortex, and therefore it could be involved in vestibular stream processing also below the level of awareness [16, 17] .
To screen populations for MCS correctly, Miller and Prihoda developed the environment exposure sensitivity inventory (EESI) and its quick form (QEESI), which are considered the most reliable tools for research on patients complaining of chemical sensitivity [18] .
For instance, researchers have investigated the association between chemical sensitivity and other kinds of environmental intolerances, including noise and olfactory sensitivity [19] . This has been carried out principally by means of questionnaire surveys in clusters of healthy and affected subjects (i.e., teenage students, twins) and, although overlapping phenomena involving physiopathological aspects of MCS and vestibular processing are possible, any research on intolerance to chemicals and vestibular disorder had been devised previously.
Thus, due to (i) the overlapping psychogenic and organic burdens that, below the level of consciousness, are shared not only in MCS development but also in the vestibular disorders [1, [10] [11] [12] [13] [15] [16] [17] 20] ; (ii) the number of previous studies describing central processing impairment related to inner ear inflow in this syndrome [21, 22] ; and (iii) the lack of literature on clinical evidence of the presentation of dizziness [2, 3] , the purpose of the present exploratory study was to highlight the possible MCS hidden clinical/subclinical aspects of vestibular impairment by inferential and principal component (PC) analysis applied on the contribution of recently implemented otoneurological testings. This, with the aim of disclosing possible implementations in diagnosing and monitoring undiscovered aspects underpinning the natural history of MCS, will possibly assist in suggesting future treatment choices in a clinical setting.
Experimental Section

Participants And Study Design
Twenty-three consecutive MCS subjects were enrolled in the study. Diagnosis of MCS was achieved according to the US Consensus Criteria for MCS [23] and the revisions proposed by Lacour et al. [24] .
We also enrolled 20 gender-and age-matched healthy subjects serving as the control group (HC). By means of a thorough medical history, collected by experienced specialized medical personnel, both eligible MCS and HC subjects were required to report a negative anamnesis for malignancy, head trauma, neuropsychiatric disorders, metabolic, cardiovascular, endocrine, infectious and otoneurological diseases. The peripheral blood of MCS and HC was tested for the usual parameters and neurological as well as neuropsychiatric disturbances were excluded with the Mini Mental State Examination, Magnetic Resonance Imaging and DSM IV-TR General Help-Seeking Questionnaire. Finally, no patient was pregnant or breastfeeding and all subjects taking drugs possibly affecting vestibular functions were excluded.
The study adhered to the principles of the Declaration of Helsinki and all the participants provided written informed consent after receiving a detailed explanation of the study. [26, 27] . Subjects were seated in front of the computer in a darkened room with their heads held against a viewing cone that blocked extraneous visual orientation cues. The diameter of the cone at the subjects' eyes was 15 cm with a depth of field of 30 cm, subtending a viewing angle of 39 • . The visual stimulus consisted of a luminous white 6 cm rod on a black background. The rod rotated 360 • in either direction about its midpoint in the central 11 • of the visual filed. Outside this central zone, the viewing screen was filled with a collage of 220 off-white dots, each 8 mm (1.5 • of visual field) in diameter, randomly distributed on a black background. Subjects controlled the orientation of the rod with a roller mouse. They were instructed to align the rod to their perceived vertical (the subjective visual vertical) under three conditions. In the first test the collage of dots was stationary (N) while in the second and third the collage rotated at 30 • /s clockwise (CW) or counter-clockwise (CCW), respectively. Subjects were tested four times per each condition, presenting the latter two conditions randomly after condition 1. During each trial the rod was initially set randomly at ±40 • from vertical and the rod tilt per trial was recorded as the degrees' difference between true vertical and the subjects' final rod placement.
Otoneurological Testing
Rod and Frame Test (RFT):
According to Witkin and Asch [28] , in order to study the subjects' visual vertical tilts under static visual stimulation, a standard RFT square frame device described by Fiori et al. [29] was used. The frame was tilted 33 • CW, CCW, or not tilted (0 • , N); the rod 11 • or 22 • , CW or CCW. Thus, 12 randomly presented conditions were achieved, each containing three trials [30] . Errors were calculated as deviation from the gravitational vertical position of the rod. -Video Head Impulse Testing (vHIT): For vestibulo-ocular reflex (VOR) gain measurements, the reliability of vHIT [31] (EyeSeeCam TM System [32] ) and the technique proposed by Blodow et al. [33] were used to test the lateral semicircular canal. Thus, anomalies in vHIT outcomes were assessed in case of (1) [35, 36] . According to previous experiences [35, 36] , the frequency spectrum was clustered into three groups: 0.01-0.70 Hz (low frequency interval); 0.70-1.00 Hz (middle frequency interval); 1.00-5.00 Hz (high frequency interval). Within each group, the spectral intensity was determined by adding the relative PS and the group mean PS (± SD) [35, 36] .
Validated Questionnaires (VQ)
In order to fulfil the exploratory approach of the study all MCS and HC subjects filled in the following forms before instrumental measurement:
(1) a modified version of the QEESI Symptom Severity scale [37] in which subjects scored from 1 (low) to 3 (severe) the intensity of head-related (HEAD), cognitive-related (COG), affective-related (AFF), neuromuscular-related (NM), musculoskeletal-related (MS), skin-related (SKIN), genitourinary-related (GU), gastrointestinal-related (GI), heart/chest-related (COR), airway or mucous membrane-related (AIR/MM) symptoms. (2) the Italian Dizziness Handicap Inventory (DHI), including 25 items aimed at assessing patients' functional (nine questions), emotional (nine questions) and physical (seven questions) limitations [38] by means a multiple choice scheme: "yes" (4 points), "sometimes" (2 points) and "no" (0 points).
Data Handling and Statistical Analysis
In order to fulfil the exploratory approach of the study, in which a large number of variables were studied, the protocol data handling was conceived in a double-folded inferential and multivariate statistical analysis:
-
Inferential Statistical Analysis
Mean and standard deviations (SDs) for all recorded variables and for QEESI and DHI subscale scores were calculated in both HC and MCS.
In order to assess that data were of Gaussian distribution, the D'Agostino K squared normality test was applied (where the null hypothesis is that the data are normally distributed). A 'between-groups' analysis of variance (ANOVA) was performed for each VQ and otoneurological variable.
Age and gender were handled as continuous and categorical predictors, respectively.
This study tested the null hypothesis (H0) that the two group measurements would not show any statistically significant difference. The significant cut-off level (α) was set at a p value of 0.01 and the Bonferroni correction for multiple comparisons was performed with post hoc tests of significant main effects. Thus, p levels associated with the difference between the two groups were considered as statistically significant if lower than 0.01.
Then, Spearman's rank correlation was implemented between QEESI and DHI sub-items scores and significant variables and a Bonferroni correction for multiple comparisons was applied in order to avoid family-wise error, (STATISTICA 7 package for Windows).
-
Principal Component Analysis
Regarding the multivariate analysis step of the study, Principal Component Analysis (PCA) with varimax rotation was performed to detect-with statistically significant otoneurological variables in both groups-hidden phenomena mainly through reducing the variables to find the most important ones, finding patterns in the data and classifying any combination of variables. The number of factors in principle was determined by a combination of the Kaiser/Guttman criterion (only factors with eigenvalues larger than 1 are incorporated in the model) and interpretability. Also by using scree plots, the eigenvalue was plotted against the component number, to evaluate if a factor was relevant or not. Finally, a component coefficient analysis was performed between variables and factors.
Results
Subjects
Of 23 MCS patients, 3 were using psychiatric medications, 1 referred positive anamnesis for alcohol addiction, and 1 received diagnosis of hypothyroidism, and they were excluded. Thus, 18 right-handed MCS patients (11 female and 7 male; mean age 49.5 ± 9.3 years) were included in the study. In turn, the HC group consisted of 20 right-handed healthy subjects (12 female and 8 male; mean age 48.6 ± 11.4 years). Socio-demographic and medical details of MCS included in the study after the clinical work-up are presented in Table 1 . 
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Validated Questionnaires
Significant differences in results (p < 0.01, corrected) in DHI and QEESI scores in MCS and HC subjects are shown in Figure 1A ,B, respectively. 
Otoneurological Data
MCS and HC subjects did not show any clinical otoneurological abnormalities during examination.
Inferential Statistical Analysis
When comparing HC and MCS subjects, a significant 'between-groups' effect (p < 0.01, corrected) was found, highlighting statistically significant higher values in MCS patients in: (i) PS recorded on both X plane (X) and Y plane (Y) within low (L) and middle (M) frequency intervals recorded on SP and during CE and OE conditions ( Figure 2A , Table 2 ); (ii) classic posturography parameters mainly in CE condition and on foam carpet (Table 2) ; and (iii) RDT measurements, in both CW and +40° and CCW and −40° conditions ( Figure 2A , Table 2 ). Conversely, MCS subjects were found to be significantly impaired in VOR gain and reslo values, bilaterally ( Figure 2B , Table  2 ). Mean, SDs and both significant and not significant effects for all variables measurements are shown in Table 2 . 
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For illustrative purposes, Figure 3 depicts an example of a single MCS and HC subject's patient changes in postural and VOR parameters.
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For illustrative purposes, Figure 3 depicts an example of a single MCS and HC subject's patient changes in postural and VOR parameters. 
Correlation Analysis
A negative correlation was found between QEESI total score and RI (r = −0.50, p < 0.01, corrected).
PCA
From the analysis of the values which measure the amount of variance due to each main component, 17 PCs were identified in MCS and 19 in HC (Figure 4) . In order to simplify the interpretation of the PCs we used the varimax method and Kaiser/Guttman criterion. This indicated as significant the components with a coefficient higher than 1 [39] , thus leaving only seven PCs for analysis in both groups. The optimal factorial solution is that with two extracted factors because they explained a maximal amount of variance. Proportion of variance expressed by the first factor in MCS and HC was 31.47% and 25.44%, respectively, and the second factor also expressed 20.01% in MCS and 18.5% HC. 
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Correlation Analysis
PCA
From the analysis of the values which measure the amount of variance due to each main component, 17 PCs were identified in MCS and 19 in HC (Figure 4) . In order to simplify the interpretation of the PCs we used the varimax method and Kaiser/Guttman criterion. This indicated as significant the components with a coefficient higher than 1 [39] , thus leaving only seven PCs for analysis in both groups. The optimal factorial solution is that with two extracted factors because they explained a maximal amount of variance. Proportion of variance expressed by the first factor in MCS and HC was 31.47% and 25.44%, respectively, and the second factor also expressed 20.01% in MCS and 18.5% HC. Figure 5A showed PCA score plot of the first two components (PC1 vs. PC2), which explained 43.95% of the total variance in HC and Figure 4B showed PCA score plot of the first two components (PC1 vs. PC2), which explained 51.49% of the total variance in MCS.
indicates numbers of principal components resulting from Kaiser/Guttman criterion and vertical red rod indicates number of principal components needed to overcome 50% of total variance. Figure 5A showed PCA score plot of the first two components (PC1 vs. PC2), which explained 43.95% of the total variance in HC and Figure 4B showed PCA score plot of the first two components (PC1 vs. PC2), which explained 51.49% of the total variance in MCS. Loading function (component correlation analysis) and PCA scree plots ( Figure 5A-C) highlighted different dimensions and contributions of the variables when comparing MCS and HC groups.
In particular, despite a negative correlation of vHIT parameters among both groups PC1 and MCS PC2, within MCS and HC subjects PC1 was found to positively correlate with FFT and RDT In particular, despite a negative correlation of vHIT parameters among both groups PC1 and MCS PC2, within MCS and HC subjects PC1 was found to positively correlate with FFT and RDT and classical posturography parameters, respectively. In turn, classical posturography parameters and RDT parameters were found respectively to positively and negatively correlate with PC2 in MCS patients.
FFT and classical posturography parameters were found respectively to positively and negatively correlate with the same component in HC (component coefficients shown in scree plots in Figure 5 ).
Discussion
Although the otoneurological examination was found to be negative, the first interesting finding in this study was the significant decrease in vHIT scores in MCS subjects ( Figure 2B ) in whom DHI highlighted a prevalence of dizziness-related symptoms ( Figure 1A) . In turn, a significant increase in classical posturography and FFT parameters as well as in VD behaviour was found in the same group (Figure 2A) .
This syndrome has been classified by many authors as part of a wide group of emerging diseases-labelled idiopathic environmental intolerances (IEIs)-which are characterized by symptoms attributed to environmental agents [40] . For instance, many studies have tried to find an unifying pathophysiology for all IEIs, focusing on CNS reactions to environmental stimuli, with activation changes of the brain areas related to sensory processing and emotional responses [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 41, 42] . Since environmental noise has been recognised as an important health quality stressor [43] , relevant literature up to now has focused mainly on auditory symptoms [21, 22] without highlighting possible vestibular and postural consequences.
In particular, no study protocol has found an impaired VOR function in MCS patients with vHIT. By providing a new dimension in vestibular evaluations [33] , in this study the test permitted a quantitative assessment of the lateral semi-circular canal function and highlighted side and receptor specific information about the VOR [31] [32] [33] , resulting in a bilateral reduction of both MCS gain and reslo ( Figure 2B , Table 2 ). These aspects suggested that MCS patients, when compared with HC normative data, have a vestibular impairment (although not clinically evident by means of a cHIT). In line, FFT PS analysis and classical posturography parameters were demonstrated to be congruent with the above-mentioned vestibular damage in MCS. In fact, literature demonstrated body sways at the low frequency interval to be mainly under vestibular control [35, 36, 44] and patients with vestibular deficits (i.e., vestibular neuritis, Meniere's disease) have consequently increased body sways at the low frequency interval as compared with normal subjects [35, 44] .
Furthermore, increased body sways within the middle interval and in classical posturography parameters especially during closed eye condition tend to confirm similar findings in previous studies, and result in a decreased ability to adapt to balance perturbations under complex conditions in certain disorders affected by a lack of vigilance [45] [46] [47] [48] [49] . It has previously been noted that the integration of information from the visual, vestibular and somatosensory receptors and motor coordination are processes requiring attention and vigilance [48] , especially when information from other sensory systems is not reliable [50] . Considering the closeness between MCS and other related idiopathic disorders affected by functional postural impairment and attention and vigilance decrease (i.e., fibromyalgia, chronic fatigue syndrome) [45, 51] it could be postulated that such phenomena may lead to slower or inappropriate sensory integration [48] .
In relation to this, negative correlation found between RI values and QEESI total scores further strengthen these aspects, highlighting possible negative influences between higher values on the questionnaire tool used in the study and this kind of body sway parameter.
Moreover, MCS patients demonstrated an increase in VD parameters ( Figure 2A , Table 2 ), the concept of which has been postulated by previous authors [28, 52] observing that, in conflicting circumstances between sensory modalities involved in spatial orientation, some subjects depend mainly on visual input. These visual-dependent subjects are more likely to be bewildered by tilted or moving visual surroundings [28, 52] . From a clinical perspective it has been noted that vestibular patients whose dizzy symptoms are unleashed by certain visual scenarios (i.e., visual vertigo) also demonstrate increased VD when evaluated with conventional approaches [27] . In agreement with this notion, an impaired vestibular modality in MCS patients would have led to an enhanced reliance on visual input, inducing subjects to upregulate this process and to increase VD by a sensory re-weighting [27, 53, 54] .
To this end, the ability to adapt sensory-motor control to challenging circumstances by selection and weighting of alternative reference frames was postulated as one of the main aspects of postural control [55, 56] . Moreover, theoretical models of multisensory combination based on neurophysiological [57] , perceptual [58] and behavioural evidence [59] proposed that adaptation to environmental changes would rely on sensory re-weighting to optimize both the relevance of individual sensory inputs and the reliability of estimates [48] . This kind of phenomenon is thought to be determined by maximum likelihood estimation so that the conscious and non-conscious brain processing appears as a near-optimal Bayesian estimator of object properties [56, 60] . Furthermore, recent findings have demonstrated disorders of vestibular function as characterized by complex perceptual, sensorimotor and behavioural deficits that exceed basic perceptions of head acceleration or motor responses, such as VOR or vestibulo-spinal reflexes [61, 62] .
In order to thoroughly study these aspects of perceptual complexity, PCA was usefully performed to reduce the information dimensionality from the vast data arrays and to minimize the loss of information, relying on the fact that most of the descriptors are inter-correlated and these correlations in some instances are high [63, 64] . In accordance with these aspects, a rearrangement of the dimensions, clusters and contributions of the variables within PC1 and PC2 in MCS was found to be a conceivable model of re-weighting along vestibular sensory processing.
In particular, in Figure 5A -C varimax rotation highlighted that although vHIT and VD parameters were almost equally clustered in both groups, MCS patients showed a positive correlation of FFT parameters in PC1 and classical posturography parameters in PC2. Moreover, together with vHIT parameters, VD parameters were found to be negatively correlated within PC2. In turn, HC subjects demonstrated a positive correlation of VD and classical posturography parameters in PC1, FFT PS in PC2 and vHIT values in PC3.
Possible explanations for the rearranged model along vestibular processing and symptoms cohort referred to by MCS patients could be considered to reside within pathophysiological cascades, such as those involving limbic structures in the natural history of MCS [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . According to these notions, repeated exposure to MCS inducing agents were found to provide in MCS subjects both time-dependent sensitization and kindling, especially within hippocampal and limbic areas [65] . In turn, recent advances have postulated that additional "higher" vestibular dysfunctional aspects could really result from an impaired integration of the vestibular network within these areas [62] . This integration comprises both the internal representation of the body scheme and the internal model of the surrounding space as well as multisensory motion perception, attention, spatial memory, and navigation [62, 66] .
In conclusion, although disorders of vestibular function integration remain to be completely elucidated, the present data would consider the MCS re-weighting process along bottom-up and top-down vestibular streams as possibly (i) related to MCS physiopathological cascades involving vestibular network at multiple levels; and (ii) underpinning the symptoms of dizziness referred to by the patients.
Thus, findings showed in this work could be considered as a first attempt at uncovering the literature gap among otoneurological consequences related to CNS hypersensitisation to environmental compounds. Considering the emerging prevalence of the disorder and the incidence of inner ear symptoms referred to by the patients, evaluation in otoneurological setting should increase in the future. In conclusion, this pilot study could be relevant in correctly screening, monitoring and clustering further clinical history data with the purpose of uncovering future therapeutic strategies useful in the improvement of otoneurological cohort symptoms.
Strengths and Limitations of the Study
Many uncertainties in the literature involving MCS otoneurological pathways could clearly be explained by different criteria for patient enrolment, different kinds of questionnaires employed in order to investigate symptom spectrums, distortion related to the general incidence of personality traits in control subjects, and many nuisance variables biasing the general research in MCS [22] .
As in previous studies, we tried to reduce artefacts that could affect symptom spectrum outcomes by enrolling, clustering and studying-by means of validated questionnaires (such as QEESI and DHI)-only MCS patients with commonly accepted criteria who were regularly followed by the local centre for the diagnosis, treatment and prevention of MCS [22] .
Moreover, we performed an ANOVA model aimed at studying outcomes by using a powerful between effect. Thus, we tried to reduce biases related to sex and age ratios, misdiagnosis of MCS, and possible outcome distortions related to the general incidence of personality and social disturbances in the general population [22] . On the other hand, a possible limitation of the study could be represented by the Bonferroni multiple correction applied as post hoc test to both ANOVA and Spearman's correlation, possibly increasing the likelihood of type II statistical errors. 
